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Silver-based quartemary fast ion conducting polycrystalline and glassy materials have been prepared 
by the open-air crucible melting method. A preliminary investigation revealed that the glassy electro- 
lyte, when used in an electrochemical cell, has a high capacity of 15 mAH for the composition mole% 
66.6 AgI-22.2 Ag,O-11.1 (0.8 V205-0.2 P,O,). In a further study, to establish the highest conducting 
composition, by varying the AgI mole%, it was found that the composition with mole% 70 AgI-20 
Ag,O-IO (0.8 V,Or-0.2 Pros) has an ionic conductivity of 8.2 x 10m2 (ohm cm)-’ and an electronic 
conductivity of 2.6 x IOe8 (ohm cm)-’ at 32°C. The infrared, far infrared, Raman, and EPR spectro- 
scopic techniques were used to analyze and confirm the presence of ionic clusters, thus highlighting 
the structuml units of the solid electrolyte. The existence of ionic clusters in the glass was assumed to 
be responsible for enhanced ionic conduction. Thermal and transport properties of the compound were 
studied to explore the effect of mixing two glass formers. The glass transition temperature (TJ ob- 
tained from the DTA technique was well correlated with the obtained glass transition temperature from 
the log UT vs IOYT plot. The resistance-time and the resistance-frequency characteristics of the 
pellets were investigated to study the behavior of the material as an electrolyte in solid-state batteries. 
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1. Introduction and electropositivity of the glass former 
cations, a new quarternary system with 

In search of silver-based superionic con- Ag,O as glass modifier and V205, P205 as 
ducting materials to be used as electrolytes glass formers was studied (4). The glass 
in solid-state batteries and analog memory with mole% 66.6 AgI-22.2 AgzO-11.1 (0.8 
devices, efforts are being channeled to de- V205-0.2 P205) composition has an ionic 
velop vitreous electrolytes with an ionic conductivity of 4.2 x lob2 ohm-l cm-r and 
conductivity of 0.1 ohm-’ cm-’ at room an electronic conductivity of 1.8 x IO-i0 
temperature (32°C). The silver-based ter- ohm-i cm-i at room temperature. In the 
nary systems AgI-AgzO-V20s and AgI- present work, the AgI content is varied 
AgzO-P205 were well studied and reported from 40 to 85 mole% in the above indicated 
(1-3). On the assumption that a mixture of glass, keeping the glass modifier to glass 
two glass formers will be a better glass former ratio and the two glass formers ratio 
former with an enhancement in ionic con- the same. On investigation of the variation 
duction due to the increased randomness in of ionic conductivity with AgI mole% and 
glassy matrix and the formation of ionic establishment of the glass-forming region, it 
clusters due to the difference in ionic radii was found that the glass with composition 
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mole% 70 AgI-20 AgZO-10 (0.8 VZOS- 
P~OCJ coded as 70VP82G has the highest 
ionic conductivity of 8.2 x 10e2 ohm-i 
cm-i at 32°C which is close to that of su- 
perionic conducting AgI (5). 

2. Experimental 

2.1 Method of Preparation 

The three methods of preparation of 
glasses were explained in detail in a pre- 
vious communication (4). It was shown that 
open-air crucible melting and rapid quench- 
ing method have an advantage over the 
other two methods as described therein. 
The appropriate amounts of analar-grade 
compounds AgI, AgzO, V205, and PzOs cor- 
responding to mole% 70 AgI-20 AgzO-10 
(0.8 V205-0.2 PROS) were taken in a quartz 
crucible and heated in an electric muffle 
furnace at 600°C for 3 hr. One-half of the 
homogeneous melt was rapidly quenched in 
liquid nitrogen column and the other half 
was allowed to cool down slowly to room 
temperature. Both the samples were pre- 
pared from the same melt so as to compare 
their properties without any ambiguity in 
their composition and thermal history. 

2.2 XRD and DTA 

X-ray diffractograms were recorded on 
1 .O g of the pulverized samples using Phil- 
ips PW-1130 X-ray generator with a Model 
PW-1050 vertical diffractometer and a PW- 
1710 control unit. The radiation used was 
Cuba with a nickel filter for 35 kV and 25 
mA. 

Since DTA is generally considered to be 
a sensitive recorder of a structural change; 
it was thought worthwhile to examine the 
stability of the prepared samples which can 
be used as electrolytes. Thus the differen- 
tial thermal analysis was carried out using a 
DuPont 900 DSC instrument. 

2.3 Ionic and Electronic Conductivities 

Pulverized samples were pressed to form 
cylindrical pellets of diameter 1.3 cm of the 
configuration (Ag)/(Sample)/(Ag) together 
with electrode mixture of 200-mesh silver 
powder and sample powder in 2 : 1 ratio by 
weight under a uniform pressure of 6000 kg/ 
cm* using a Perkin-Elmer handpress. The 
mixture of sample powder silver electrodes 
were used for a better electrode-electrolyte 
contact. Ionic conductivity measurements 
were undertaken on those resulting pellets 
of 1.3 cm diameter, using a General Radio 
bridge Model 1650 B, with an internal oscil- 
lator at 1.0 kHz and a null detector, in the 
temperature range 305-405°K. 

Electronic conductivity measurements 
were carried on the polarization cell of the 
configuration (-)Ag/Sample/Graphite( +) 
as described by Wagner (5). Various dc po- 
tentials less than the decomposition poten- 
tial of the electrolyte were applied and the 
corresponding currents after steady state 
were noted using a Keithley 610C electrom- 
eter. 

2.4 Znfrared and Far Infrared Absorption 
Spectra 

The pulverized samples were dispersed 
in spectral-grade KBr powder and the 
transmission spectra in the infrared region 
4000-400 cm-r were recorded on a Perkin- 
Elmer 839 IR spectrophotometer. Far IR 
spectra were recorded on samples dis- 
persed in polyethylene using a Polytec 30 
Fourier spectrometer with a far IR Mi- 
chelson interferometer, in the region 500- 
50 cm-i. 

2.5 EPR and Raman Spectra 

A Varian E4 X-band spectrometer oper- 
ating at 9 GHz with a variable temperature 
accessory was used to record EPR spectra. 
Raman spectra were recorded on a small 
piece of the sample glass using a Cary 82 
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FIG. 1. X-ray diffractogram of (a) AgI, (b) Ag,O, (c) 
V205, (d) P,O,, (e) polycrystalline 7OVP82, and (f) 
amorphous 7OVP82 material. 

spectrometer coupled with a Spectra Phys- 
ics krypton ion laser operating at 0.2 W at 
6471 A wavelength. 

3. Results and Discussion 

3.1 XRD and DTA 

Figure 1 shows the X-ray diffractograms 
for the samples prepared as described be- 
fore along with those of AgI, AgzO, V205, 
and P205. In the rapid quenching case the 
XRD (Fig. If) confirms the amorphous na- 
ture of the obtained material. In the other 
case, formation of a new polycrystalline 

compound with slight traces of AgI which is 
different from the basic compounds AgI, 
Ag,O, VZOs, and P205 was observed. 

From the XRD, only the vitreous nature 
can be predicted, whereas to compare them 
out of thermodynamic equilibrium a DTA 
has to be performed to establish the glass 
transition temperature (Tg) and crystalliza- 
tion temperature (T,). The significance of Tg 
is due to its relation to the kinetic parame- 
ters and the duration of the experiment log 
UT vs 103/T. On a microscopic level, Tg 
corresponds to the time required by the 
elements of the macromolecular chains 
constituting a glass to move a distance com- 
parable to their size. Thus thermal charac- 
terization of a material is very important to 
study Tg, which reflects the degree of free- 
dom of the macromolecules in the glassy 
matrix. The analysis developed by Gibbs et 
al. (6), Dimarzio and Gibbs (7), and then by 
Adams and Gibbs (8) associates the ideal 
glass transition temperature with the struc- 
tural relaxation time of the macromolecular 
chains proportional to exp( - W/R(T - TO)), 
where W is the activation energy and TO the 
temperature below which the properties of 
liquid cannot be extrapolated. 

Figure 2 shows the typical DTA trace for 
polycrystalline and glassy samples in the 
temperature region 30-400°C. An endother- 
mic peak was observed at 72°C for the glass 
which is attributed to the glass transition 
temperature. At a temperature of 12O”C, a 
weight loss of 0.012 mg (not shown in the 
figure) was observed which might be due to 
the nucleation of crystallization of the 
glassy sample. The endothermic inflection 
at 380°C is due to the absorption of thermal 
energy by the resulted polycrystalline com- 
pound to melt into liquid state. Qualita- 
tively the glassy material appears to pos- 
sess greater stability to moisture than the 
polycrystalline material. After the exposure 
of glass to the laboratory atmosphere for 
120 days those additional endothermic 
peaks were not observed (9). 
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FIG. 2. DTA curve of (a) 7OVP82P and (b) 70VP82G with indication of T8 and T,. 

3.2 Ionic Conductivity 

Figure 3 indicates the time dependence of 
the resistance for both polycrystalline and 
glassy materials. It can be seen as almost 
independent in the case of the polycrystal- 
line sample whereas it IS highly dependent 
for the glassy sample which can be due to 
the relaxation and homogenization of 
charge carriers. Figures 4 and 5 show the 

variation of log UT with the inverse of abso- 
lute temperature for both glassy and poly- 
crystalline samples, respectively. The 
glassy sample obeys the Arrhenius relation 
(4) until the glass transition temperature 
(T,J and the activation energy is calculated 
to be 0.264 eV. The observed T, value was 
well correlated with that obtained from the 
DTA technique. Figure 5 has two linear re- 
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FIG. 3. The variation of resistance with time for (a) polycrystalline and (b) amorphous 7OVP82 
sample pellets. 
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FIG. 4. Plot of log UT vs 1OW for the amorphous material pellet 7OVP82. 

gions with activation energies 0.289 and of conductivity on the frequency for the 
0.221 eV. This can be explained as follows: glassy sample which is somewhat different 
At low temperatures, the existence of grain from the other superionic glasses (10, II). 
boundaries limits the conduction or migra- At 100 Hz the conductivity is minimum and 
tion of ions whereas at high temperatures the observation of a linear dependence in 
the tendancy is more for polycrystalline the low-frequency region might be due to 
material to become a random network the space charge polarization or an interfa- 
structure, which enhances the ionic con- cial effect. No frequency-dependent con- 
ductivity with low activation energy for ion ductivity was observed for the polycrystal- 
migration. Figure 6 shows the dependence line material. 

FIG. 5. Plot of log UT vs 103/T for the polycrystalline material 7OVP82 pellet. 
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FIG. 6. Frequency dependence of conductivity for the amorphous material 7OVP82. 

3.3 Electronic Conductivity original Wagner expression (12) for elec- 
tronic current is 

Figures 7 and 8 show the Z-V characteris- 
tic curves for both polycrystalline and I = Z, i= (RTAILF) ~~{l - exp(-EFIRT)}, 

glassy samples, respectively. The satura- where L and A are the length and area of 
tion of current at higher applied potentials the sample, T the absolute temperature, R 
indicates that the conduction is due only to the gas constant, F the Faraday’s constant, 
the electrons but not to electron holes. The and oe is the conductivity due to electrons. 

I , I I I 
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FIG. 7. Current-voltage characteristic curve for the polycrystalline pellet 7OVP82. 
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FIG. 8. Current-voltage characteristic curve for the amorphous pellet 7OVP82. 

When EF S RT, then of the plots Z vs 1-exp(-EFIRT) and they 

Z = Z, = (RTAILF) ue. 
were found to be 8.10 x 10m8 ohm-’ cm-r 
and 6.2 x lO-‘j ohm-t cm-‘, respectively. 

Using the above expression the elec- 
tronic conductivity was calculated by Cal- 3*4 IR Studies 
culating the saturation current (Ze) from Z-V The IR spectra of both glass and poly- 
plots. These values are well correlated with crystalline samples are shown in Fig. 9 and 
those calculated by substituting the slopes seem to be difficult to interpret. In poly- 

t 
1 1 I I I 

1600 1400 1200 low al0 so0 400 

- WAVE NUMBER (Cm-‘) 

FIG. 9. IR spectra of (a) polycrystalline sample 7OVp82 and (b) amorphous 7OVP82 in the spectral 
region 1600-200 cm-* in a KBr matrix. 
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FIG. IO. FIR spectra of (a) polycrystalline sample 7OVP82 and (b) amorphous sample 7OVP82 
dispersed in polyethylene matrix in the region 500-50 cm-l. 

crystalline spectra clear broad peaks were 
observed whereas in glassy spectra the 
bands are not clear but the peaks are very 
sharp, which confirms the glassy nature of 
the material. Well-defined bands with peaks 
at 1600, 1380, 1350, 1080,990,850,540, and 
420 cm-i were observed for the polycrystal- 
line sample and were assigned to particular 
vibrations by comparing this spectra with 
those of the features observed in the puta- 
tive model compounds, Several peaks ap- 
pearing on the high-frequency side were 
due to the splitting of V205 ion frequencies 
and the appearance of other resolved fre- 
quencies were due to phosphate units. The 
absorption peaks in the range lower than 
540 cm-’ were due to the deformation of V- 
O-V linkages and in the region 850 cm-’ 
were due to the formation of P=O bonds 
and VOrlike units. By comparing the IR 
spectra of polycrystalline material with that 
of glassy material and considering the vi- 
brational shifts due to the vitreous nature, it 
can be concluded that the glass consists of 
ionic clusters of PO:-, VO$-, and their 

combinations. Thus, from the IR studies, 
these glasses can be classified as ionic glass 
rather than condensed glass. 

3.5 FIR Studies 

The absence of long-range order and the 
randomness in the skeleton glassy structure 
may contribute to the mobility of Ag+ ion 
through the ionic clusters formed due to dif- 
ferent polarizing species V205 and PzOS. 
Because of the local diffusive motion, the 
glassy network provides open channel-like 
pathways for the mobile ions. 

Figures 10a and lob show the FIR spec- 
tra of polycrystalline and glassy material, 
respectively. In Fig. IOa, three bands at 
195, 85, and 65 cm-’ were observed which 
are clear when compared to the bands at 
190,87, and 65 cm-’ in Fig. lob. The nature 
of these bands reflects the state of disorder 
of AgI in the glassy matrix. The band at 65 
cm-’ is assigned to the E-symmetry of the 
Ag+ ion. The band at 87 cm-’ corresponds 
to Ag+-I- vibrations whose intensity in- 
creases with AgI content in the glassy ma- 
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FIG. 11. Electron paramagnetic resonance spectra of (a) polycrystalline 7OVP82 and (b) amorphous 
7OVP82 samples. 

trix. Thus the conductivity also increases 
with AgI content and reaches a maximum 
at 70 mole%, which supports the contribu- 
tion from Ag+ ion in AgI more than the co- 
valently connected Ag+ ion in AgzO. 

3.6 EPR Studies 

The EPR technique has been used to ob- 
tain the concentration of V4+/V5+ in the 
sample. The existence of vanadium in two 
different valence states in equivalent posi- 
tions in the V06 octahedra linked as chains 
or sheets was believed to provide continu- 
ous path for electronic conduction in semi- 
conducting V205-P205 glasses as suggested 
and supported by Verwey et al. (13), Ioffe 
et al. (M), and Reuter et al. (15). Typical 
EPR spectra of both glassy and polycrystal- 
line materials were shown in Figs. 1 la and 
1 lb, respectively. The spectrum in Fig. 1 la 
resolves into five perpendicular compo- 

nents and six parallel components for dif- 
ferent values of mi (-7/2 to +7/2) for vana- 
dyl ion in the form of VOj- tetrahedra and 
V20i- octahedra. The spin Hamiltonian pa- 
rameters for the VZO~-PZOS semiconduct- 
ing glass and mole% 70 AgI-20 Ag,O-10 
(0.8 V205-0.2 P205) glass are given in Table 
I. It is evident that the A values are approx- 
imately the same, which clearly indicates 
that the species responsible for the elec- 
tronic conductivity are the same in both 
vzos-p2os and AgI-AgzO-V205-P205 
glasses. However, the difference in the g 
values indicates a change in the “order” of 
the system. The near isotropic value of g 
(gr = 1.986 and gII = 1.978) in the present 
investigation predicts a high ordering of the 
conducting species when compared to 
those (gi = 2.00 and gII = 1.95) of the semi- 
conducting glasses. 

Comparison of the intensities of the EPR 
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TABLE I 

THE CALCULATED SPIN HAMILTONIAN PARAMETERS 
FROM THE RECORDED EPR SPECTRA OF 

SEMICONDUCTING 80% V205-20% P,Os GLASS AND 
THE SUPERIONIC CONDUCTING 70VP82G 

Spin 
Hamiltonian 

parameter 
80% Vz05-20% P20J 
semiconducting glass 

70VP82G 
superionic 
conducting 

glass 

811 1.950 1.978 

&3 2.000 1.986 
All 160 f 2 160 k 5 
Al 72 t 2 70 c 2 

spectra in Figs. lla and llb indicates that 
the concentration of vanadium in 4+ state 
is high in the polycrystalline sample than in 
the glassy sample. Thus a high electronic 
conductivity was observed in the polycrys- 
Mine, since V4+/V5+ partial valence mech- 
anism is responsible for the electronic con- 
ductivity. From the near isotropic nature of 
the g values for glassy material, it was evi- 
dent that a glass modifier (Ag20) brings 

“order” to the glassy matrix containing 
V205 and PlOs structural units, thus aiding 
ionic conductivity and reducing the elec- 
tronic conductivity drastically. 

3.7 Raman Studies 

The motion of mobile ions in superionic 
conductors is associated with stray mo- 
ments which can interact with the electric 
field of incident electromagnetic radiation 
of proper polarization. A change in the Ra- 
man shift for the pure AgI and the glass 
would be consistent with the anion entering 
vacant sites of the macromolecular struc- 
ture. If the Raman spectrum does not show 
any modification of the P-O or V-O vibra- 
tional modes upon the addition of large 
quantities of silver iodide, then free anions 
and cations may exist and transport might 
be fit into the free ion model introduced by 
Rice and Roth (16). 

The Raman spectrum at room tempera- 
ture for the glassy material in the form of a 
small cube is shown in Fig. 12. Five bands 
exist at 87, 120, 250, 340, and 420 cm-’ in 

c- WAVEWMBER (Cm-‘) 

FIG. 12. Raman spectra of a small glass cube 5 x 5 x 5 mm dimensions in the wave number region 
1250-20 cm-’ on interaction with 6471 A line of krypton ion laser. 
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the higher region and four bands exist at 
500, 540, 850, and 890 cm-i in the lower 
region. Comparing the IR and FIR spectra 
with the Raman spectrum for the glassy ma- 
terial; it can be concluded that the band at 
87 cm-i is both IR and Raman active 
whereas the band at 120 cm-* is only Ra- 
man active. The other two bands observed 
in the FIR at 190 and 65 cm-i were not 
observed in Raman, hence they are IR ac- 
tive. The Raman bands at 500 and 890 cm-r 
are due to the (P04)3- ionic clusters which 
are IR active also, whereas the bands at 540 
and 850 cm-’ are Raman active only. Thus 
the Raman spectra supplement the IR data. 

4. Conclusions 

The existence of ionic clusters inferred 
from spectroscopic studies is assumed to be 
responsible for high Ag+ ion conduction, by 
providing open channel-like pathways for 
Ag+ ion migration. Transport studies fur- 
ther support this high Ag+ ion conductivity 
in the mole% 70 AgI-20 Ag,O-10 (0.8 
V205-0.2 P,Os) material. The observed low 
electronic conductivity in glasses satisfies 
the requirement for a good solid electrolyte 
in increasing the shelf life of a battery by 
decreasing the self-discharge. So this mate- 
rial can be used as solid electrolyte in solid- 
state batteries. 
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